This paper investigates the fabrication of substrates for surface-enhanced Raman scattering (SERS) using hard thermoplastic polymers in conjunction with sputtering and electroless deposition of a thin Au or Ag film. In contrast to silicon or glass, plastic materials promote the replication of nanoscale structures over large areas in a rapid and cost-effective manner using molding or embossing techniques. However, synthetic polymers are Raman-active compounds, providing a source of interference with signals arising from reporter molecules that may be used for SERS detection. Moreover, most plastics melt and undergo degradation when exposed to a focused laser beam, resulting in irreversible loss of the SERS-active metal features in the detection area. We address these issues and show that proper decoration of the plastic surface with a metal overlayer can suppress Raman background signal of the polymer substrate, as well as any adverse effect arising from laser illumination.
Introduction
SERS is an optical detection method that reveals structural information of chemical and biological molecules attached to Au or Ag nanostructures. 1, 2 It is generally accepted that SERS involves localized plasmonic resonances and vibrations of molecules that interact with the monochromatic light, causing a shift in frequency of the scattered photons. While these changes in frequency are determined by the excitation energy of the vibrational modes of a particular molecule, enhancement of the corresponding signals depends on physical parameters of the nanostructures such as their size, shape, and degree of aggregation. Local plasmonic coupling between resonant nanostructures (commonly called "hot spots") can further enhance the electromagnetic field by several orders of magnitude compared to those of individual ones. 3, 4 Moreover, it is possible to tune SERS activity by adjusting the geometry of the nanostructured substrate with respect to the wavelength and orientation of the laser light used for excitation. 5, 6 One approach to producing SERS-active substrates uses aggregation of metal nanoparticles, such as colloidal spheres, 7 wires, 8 or cubes 9 on solid supports. Such systems are known to provide strong enhancement but are difficult to control and therefore remain poorly reproducible. Nanofabrication in conjunction with metal deposition is another approach which appears to circumvent this drawback, 5, 6 providing a promising solution toward integrated analytical platforms based on SERS.
The fabrication of SERS-active substrates typically comprises silicon as a solid support since micro-and nanolithographic methods involving resist, development, and pattern transfer procedures are well established for this material. However, machining of silicon is an elaborate process and requires access to sophisticated equipment, which is detrimental to the fabrication of disposable, low-cost chips for SERS applications. Plastic materials may therefore provide a plausible alternative, as they promote replication of nanoscale structures over large areas in a rapid and cost-effective manner and potentially facilitate their integration in lab-on-a-chip (LOC) 10, 11 devices. While polymerbased supports have attracted increasing attention in a number of scientific and technological areas, including organic electronics, 12 array-based DNA detection, 13 and tissue engineering, 14 they are rarely being used in SERS, as suggested by the limited number of publications dealing with this topic. [15] [16] [17] [18] [19] [20] [21] Previously, SERS measurements have been reported for nanostructured substrates fabricated from polyvinylchloride, 15 poly(dimethylsiloxane), 16 and polystyrene (PS), 18 for example, using molding or embossing techniques. In addition, arrays formed from PS nanospheres coated with a thin metal film have been shown to provide effective SERS substrates responding to a range of excitation wavelengths. 19 Lee and co-workers have employed thermoresponsive polymer membranes in conjunction with metal nanoparticle films as a means of tuning SERS activity. 17 The use of polymer scaffolds seeded with Au or Ag nanoparticles 20 and hybrid structures comprising metal-coated particles embedded in a polymer matrix 21 have also been explored to this end. However, implementation of plastic materials as SERS platforms is by no means straightforward since an number of synthetic polymers such as PS, polycarbonate (PC), and poly(methylmethacrylate) (PMMA) are Raman-active compounds [22] [23] [24] [25] (Figure 1) , providing a source of interference with signals arising from reporter molecules that are used for SERS detection. In addition, most plastics melt and/or chemically degrade ("burn") upon exposure with a focused laser beam, resulting in irreversible loss of the SERS-active metal features in the detection area. This paper is responding to these issues, demonstrating that proper decoration of the plastic surface with a metal overlayer provides a meaningful way to suppress Raman background signal of the polymer substrate, as well as any adverse effect during laser illumination.
Experimental Section
Preparation of Substrates. PMMA slides (25 × 75 mm 2 in area, 1 mm in thickness) were prepared by injection molding of Plexiglas VS UVT (Altuglas International, Philadelphia, PA) using a Boy 30A injection tool (Dr. Boy GmbH, Neustadt-Fernthal, Germany) operated at a temperature of 220-240°C, an injection speed of 30 mm s -1 , and a pressure of 132 bar. The mold (stainless steel, custom-fabricated) was cooled for 15 s before the slide was released. PS slides were prepared by hot embossing of PS pellets (MW ) 10 5 , Alfa Aesar, Ward Hill, MA) against two silicon wafers (serving as top and bottom plates, respectively) using an EVG 520 embossing tool (EV Group, Schärding, Austria) operated at a temperature of 170°C
and an applied force of 10 kN. PC sheets were obtained from Modern Plastics, Inc. (Bridgeport, CT) and were used as received.
Fabrication of Nanohole Arrays. Nanohole arrays were fabricated by nanoimprint lithography (NIL) using an EVG 520 embossing tool (EV Group) and a pillar array engraved into SiO 2 that was thermally grown on a silicon wafer. Pillars were 100 nm wide, 80-200 nm in height, and were arranged with a pitch of 200 nm. PMMA pellets were sandwiched between the master and a planar silicon wafer covering an area of ∼30 cm 2 . Upon heating of the stack to 160°C, a force of 1.5 kN was applied for 2 min followed by evacuation of the system to below 1 Torr. Then, a force of 10 kN was applied for 5 min before the system was vented and cooled to ∼90°C. The thickness of resultant PMMA sheets was ∼200 µm. To facilitate separation, both wafers were coated with an antiadhesion layer using 1H,1H,2H,2H-perfluorooctyltrichlorosilane (Sigma-Aldrich Corp., St. Louis, MO) which was deposited from the vapor phase under reduced pressure. Resultant sheets were fixed on a standard PMMA slide using epoxy resin to maintain stability and ensure proper handling of these fragile substrates. All fabrication steps were carried out in a clean room environment (class 1000).
Metal Deposition and Immobilization of Probes. Metal films were deposited using a DC/RF Magnetron sputter system (Kurt J. Lesker, Clairton, PA) at a rate of 0.2 Å s -1 . Ag and Au sputter targets were obtained from Kurt J. Lesker and had a purity of 99.999% and 99.99%, respectively. Electroless deposition (ELD) was done using an aqueous silver staining solution composed of 0.02 M AgNO 3 (Alfa Aesar), 0.33 M citric acid (Sigma-Aldrich), and 0.19 M hydroquinone (Sigma-Aldrich).
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The mixture was prepared prior to use and operated at room temperature without agitation. Plastic slides were primed by sputtering a thin layer (e.g., 2 Å) of Au serving as a catalyst. Substrates were typically immersed in the staining solution for 5-10 min. Immobilization of 4-mercaptopyridine (4-MPy, Sigma Aldrich) on metal-coated substrates was done by incubation with a 2.0 mM aqueous solution for 10 min, followed by rinsing with DI water and drying with a stream of nitrogen gas.
Instrumentation. Raman spectra were acquired using a Raman Micro Station R3 (Avalon Instruments, Boston, MA) equipped with a 40× objective lens coupled to a diode laser source (OEM Laser Systems, Inc., East Lansing, MI) with an emission wavelength of λ ) 785 nm. The spot diameter was 25 µm providing a power density of 0.15 mW µm -2 . Spectra were calibrated with respect to the Raman band of silicon at 521 cm -1 . Measurements of optical transmittance (T) were performed with a Lambda 950 UV/vis Spectrometer (PerkinElmer, Waltham, MA) using an uncoated plastic slide as a reference. Atomic force microscopy (AFM) measurements were done using a multimode Nanoscope IV instrument (Veeco Metrology Group, Santa Barbara, CA), operated at ambient conditions and in contact mode using silicon nitride cantilevers (NP-S20, Veeco) with a spring constant of 0.58 N m -1 . Each sample was imaged at a rate of ∼1.0 Hz using a pixel resolution of 512 × 512. Scanning electron microscope (SEM) images were taken using an S-4800 scanning electron microscope (Hitachi, Mississauga, ON) operated at an acceleration voltage of 5.0 kV.
Results and Discussion
In a first set of experiments, we sputter-coated planar slides of PMMA with Ag films ranging from 5 to 50 nm in thickness, and acquired the corresponding Raman spectra (Figure 2 ). As shown in Figure 2A the Raman mode at 812 cm -1 in a comparative manner. The data suggest that 20 nm corresponds to a minimum film thickness required for shielding the plastic surface effectively from illumination, which is in general agreement with previous studies, confirming that Ag deposits below 10 nm generally consist of island structures rather than being continuous films. 27, 28 Measurements of T (e.g., at λ ) 785 nm corresponding to the wavelength of the laser light provided by the Raman spectrometer) revealed a similar trend, as the light propagating through the slide attenuates progressively with the thickness of the Ag film. Here, the 20-nm-thick Ag film accounts for blocking more than 93% of the incident light, primarily through scattering and reflection processes. These experimental observations are consistent with theoretical calculations of the transmitted light (e.g., the blue curve in Figure 2B ) obtained by coupling the Fresnel equations 29 at the two interfaces of the Ag film. The complex permittivity coefficients of Ag were taken from the literature, 30 whereas the incident and emergent media were characterized by real permittivity values corresponding to vacuum and the plastic polymer, respectively. Illumination of bare plastic surfaces with the focused laser beam generally left a burning mark on the irradiated area even for very short exposure times. While samples coated with a thinner Ag film (e.g., 5 nm) remained sensitive to exposure ( Figure 2C ), we did not observe any damage for Ag deposits larger than 20 nm in thickness, which confirms that these layers serve as efficient reflective coatings that prevent light from penetrating the underlying polymer. We found that sputtering a thin film of Au instead of Ag yields comparable results (data not shown).
Sputtered films of both Ag and Au were continuous and relatively smooth when exceeding a thickness of 20 nm, as exemplified by the AFM image in Figure 3A . The average grain size and nanoscale roughness are both dependent on the film thickness, yet individual particles fused together during deposition. Although it may generally be possible to limit coalescence of individual grains to some extent by adjusting both surface properties and sputter conditions, we investigated ELD as an alternative and probably more versatile method for generating metallic particles on plastic supports at low cost. ELD is commonly done by exposure of a catalytically active surface to a plating solution that contains metal ions, complex-forming ligands, and a reducing agent. 31 In this process, metal ions are reduced at the surface of the catalyst using electrons from the reducing agent. Once initiated, metal deposition proceeds in an autocatalytic manner. We decorated plastic slides with Au (squares) and T at 785 nm (circles) as a function of Ag film thickness. Raman intensities were plotted relative to the signal of pristine PMMA. The black curve serves a guide to the eyes. The blue curve represents a theoretical prediction of the thickness-dependency of T related to the Ag film. (C) Optical micrographs of Ag/PMMA substrates exposed to laser irradiation (e.g., at a power density of 0.15 mW µm -2 ) for 3 s. Damage of the irradiated area depends on the thickness of the Ag layer and could be suppressed for films >20 nm. nanoclusters using sputter deposition to provide catalytic sites for the growth of Ag particles. Here, the density of the catalyst largely influenced the morphology of resultant Ag aggregates. Au deposits thicker than 1 nm yielded relatively smooth Ag films which largely resembled their sputtered counterparts (data not shown). A reduction in thickness of the catalyst layer (e.g., to 2 Å) proved useful to the formation of rougher and more heterogeneous Ag deposits, as illustrated by the example in Figure 3B . We noticed, however, that the lower density of such films can diminish the ability to suppress laser-induced damage and parasitic Raman responses coming from the PMMA substrate. Experiments with planar slides proved useful to tailor the conditions of the Ag plating process prior to fabricating and testing nanostructured substrates (see below).
NIL is a convenient and experimentally unsophisticated technique for replicating sub-micrometer relief structures in thermoplastic polymers. 32 As illustrated in Figure 4A , NIL uses a rigid mold bearing a topographic pattern which is impregnated in the polymer upon heating above its glass transition temperature (T g ). Cooling down below T g hardens the polymer, thereby preserving an inverse replica of the master pattern. NIL has been shown to be effective over a broad range of length scales ranging from several millimeters to 10 nm and below. We employed this technique to fabricate metal-coated nanohole arrays in PMMA that can act as SERS-active structures with well-defined dimensions: holes had a diameter of ∼100 nm, a depth of 80-200 nm, and a pitch of 200 nm in both x and y directions. We produced PMMA sheets of about 200 µm in thickness, which are flexible enough to ensure proper release from the master. These sheets were then fixed on standard PMMA slides using epoxy glue to facilitate handling and prevent stress-or heat-induced deformation during subsequent metal deposition. SEM investigations of the metal-coated surfaces revealed that nanoscale topography did not prevent deposition of uniform and continuous films by sputtering ( Figure 4B and C) . ELD, in contrast, yielded arrays that are decorated with Ag deposits consisting in large part of particles that aggregated in a dense, yet irregular fashion ( Figure 4D ). Although the appearance of the nanohole array in Figure 4D indicates a certain degree of alteration induced by the deposition process, the periodicity of the underlying structures remained preserved in the texture of the metal overcoat.
We conducted SERS measurements using 4-MPy as a reporter molecule to prove the suitability of metal-coated PMMA slides ( Figure 5 ). It is generally accepted that 4-MPy chemisorbs on coinage metals via its sulfur moiety with the plane of the aromatic ring being oriented perpendicular to the surface (as illustrated in the inset to Figure 5) , 33 although the molecular structure of resultant monolayers remains variable depending on the pH of the surrounding solution. [34] [35] [36] As can be expected, planar areas of sputter-coated slides generally yielded no SERS response from 4-MPy molecules due to their unfavorable morphologies (data not shown). Nanohole arrays decorated with a sputtered film of Au or Ag proved suitable, however, and enabled Raman bands to be acquired, although at relatively low intensity (data not shown). SERS activity of electroless-plated Ag substrates was superior to that of sputtered films: planar regions of plated substrates yielded decent enhancements, while nanohole arrays allowed for recording Raman modes of 4-MPy 37 with high intensity and resolution ( Figure 5 ). Since the deposition of the noble metals onto the nanostructured plastic substrates creates complex 3D geometries consisting of electromagnetically coupled nanoholes (top region) and nanodisks (at the bottom of each hole), the SERS enhancement is expected to be strongly influenced by the configuration of these elements. 6 Shallow arrays are very similar to continuous thin films, whereas nanoholes that are too deep will result in uncoupled pairs of disks and holes, and are equally characterized by low enhancement. Hence, the strongest electromagnetic enhancement is obtained when a perfect match between the wavelength of the incident laser beam and the depth of the nanoholes is achieved. Arrays comprising structures of 200 nm in depth yielded the best results within the series of substrates that were produced and inspected throughout this study.
Conclusion
In summary, we have demonstrated the possibility of fabricating SERS-active substrates from hard thermoplastic materials. Decoration of the surface with a thin reflective metal film can protect the plastic support during illumination with the focused laser beam and enables high-quality spectra to be acquired without notable influence by intrinsic Raman signals and background noise. Although sputtered Ag films of >20 nm in thickness proved useful to effectively shield the underlying substrate, these films were generally continuous and smooth, which is detrimental to plasmonic coupling as a prerequisite for SERS spectroscopy. ELD, on the other hand, seems suitable to produce rougher and more irregular deposits, yet the process remains to be fine-tuned so that nucleation and growth can be reproducibly controlled over nanometer length scales. Also, the development of a purely wet-chemical activation scheme that circumvents the need of any high-vacuum deposition steps would clearly add to the cost advantage provided by the plastic material and the NIL-based fabrication process. While 4-MPy served as a convenient model system for this study, future work should be directed toward label-free detection using disposable, plastic-based LOC platforms for high-throughput sensing using SERS. In principle, the transition from silicon toward plastic supports should not influence significantly the enhancement factors that are achievable using nanohole arrays (or related structures) since both materials have real indices of refraction (without any contribution from the complex part) for which the absolute values are very close to each other (e.g., ∆n ≈ 0.04 for SiO 2 versus PMMA). 
